Nontidal wetlands are estimated to contribute significantly to the soil carbon pool across the globe. However, our understanding of the occurrence and variability of carbon storage between wetland types and across regions represents a major impediment to the ability of nations to include wetlands in greenhouse gas inventories and carbon offset initiatives. We performed a large-scale survey of nontidal wetland soil carbon stocks and accretion rates from the state of Victoria in southeastern Australia-a region spanning 237,000 km 2 and containing >35,000 temperate, alpine, and semi-arid wetlands. From an analysis of >1,600 samples across 103 wetlands, we found that alpine wetlands had the highest carbon stocks (290 AE 180 
and burying undecomposed plant litter in anaerobic soils, freshwater wetlands sequester 1.38-2.26 t C org ha year À1 in soils, an average of 34-44 times more carbon than do terrestrial forests (Bernal & Mitsch, 2012; McCleod et al., 2011) . Global estimates suggest that freshwater wetlands contain 20%-30% of the terrestrial soil carbon pool, a disproportionately high contribution given that they occupy a mere 6%-8% of the land surface (Lal, 2008; Lal, Follett, Stewart, & Kimble, 2007; Mitsch & Gosselink, 2007; Mitra et al., 2005) .
Despite this estimated contribution, most studies on freshwater wetland carbon stocks and sequestration have been focused on just a few sites (Bernal & Mitsch, 2012; Whitaker et al., 2015) . One limitation of making nation-wide or global estimates of wetland carbon stocks based off these values, is that the most carbon-rich sites have often been studied. As such, there has been a renewed push, to estimate broadscale wetland carbon stocks with broadscale sampling efforts (Nahlik & Fennessy, 2016) . Even within a region, there is high variability in carbon sequestration capacity among wetland types, contributing even further to uncertainty in carbon stocks and sequestration. For example, in Ohio, US, depressional wetlands sequester two times more carbon than riverine communities (Bernal & Mitsch, 2012) . Furthermore, different plant communities can also influence carbon sequestration rates within each wetland type (Mitsch et al., 2013; Villa & Mitsch, 2015) . A high priority for research is therefore to quantify variability in carbon storage and sequestration among wetland types, within and between regions.
Quantifying the contribution of wetland ecosystems to carbon capture and storage is vital to justify the application of improved management strategies that ensure their continued contribution to a multitude of other ecosystem services. For despite the importance of wetlands, they have been historically underappreciated, and an estimated 87% of global wetland area has been lost since the early 1700s (Davidson, 2014) . They are threatened by land-use change, pollution, water extraction, and landscape modification (MEA, 2005 , Moser, Prentice, & Frazier, 1996 Van Asselen, Verburg, Vermaat, & Janse, 2013; V€ or€ osmarty, McIntyre, Gessner, Dudgeon, & Prusevich, 2010) . Such disturbances can undermine a wetland's ability to capture carbon, but critically, result in microbial breakdown, demineralization and ultimately release of significant amounts of carbon that had already been stored Lal et al., 2007; Page & Dalal, 2011; Pendleton et al., 2012) . Conversion to agricultural land for cropping and grazing can lead to 80%-96% reduction in wetland soil organic carbon (Meyer, Baer, & Whiles, 2008; Sigua, Coleman, & Albano, 2009) . By providing estimates on wetland carbon stocks, and wetland loss, we can use this information to estimate the carbon losses from wetland degradation. capacity to sequester carbon within the state of Victoria (hereafter referred to as "Victoria"), in south eastern Australia. Our specific objectives were to: (a) Undertake a landscape-scale assessment of wetland soil carbon stocks by sampling wetland soil carbon from more than 100 wetlands spread across Victoria; (b) compare carbon stocks between wetland types and assess regional variability; (c) Utilize existing data on wetland soil accretion rates, combined with newly collected soil carbon data to estimate wetland soil carbon sequestration; and (d) based on this data, estimate soil carbon stocks and sequestration capacity for the entire region and the potential impact of historical wetland loss on carbon emissions from wetlands.
| MATERIALS AND METHODS

| Sample collection
This study was conducted across the state of Victoria in southeastern Australia (Figure 1 ). Victoria has approximately 530,400 hectares of wetlands, and is split up into ten catchment management regions.
An estimated 147,053 ha of wetlands (or roughly 27%) have been lost since European settlement (~1834) (Papas & Moloney, 2012) .
To evenly spread the sampling effort across the state, we sampled at least 10 wetlands in each of the 10 catchment regions, with a final total of 103 wetlands ( Figure 1 ). Here, wetlands are defined as surface waters, whether natural, modified or artificial, subject to permanent, periodic or intermittent inundation, which hold static or very slow moving water and support biota adapted to inundation and the aquatic environment. Wetlands were chosen across six key wetland categories defined by Corrick and Norman (1980) , but we have also provided reference to the equivalent RAMSAR wetland At each of the three sampling points, a 5 cm (inner-diameter)
PVC pipe (the core) was hammered into the soil until 1 m was reached, or until core refusal (no further penetration). The depth to which wetlands could be sampled varied considerably, and was mostly determined by the depth at which the organic layer finished and a thick clay layer was reached. For some areas this was as shallow as 0.16 m (typically temporary open water bodies), while other wetlands contained organic peat material well past 1 m. Therefore, the carbon stock reported for each wetland was based on the actual core depth sampled to a maximum of 1 m, which includes all of the highly organic material.
We accounted for soil compaction during the coring process, by measuring the difference between the amount of soil sampled and the depth the core was hammered into the ground. Once depth at refusal was reached, a rubber plug was inserted into the top of the core to create a vacuum seal. After removing the core, a foam plug was inserted on top of the soil to stabilize sediment during transport.
Both ends of the core were capped with a plastic cover and sealed with plastic tape to prevent moisture loss.
| Sediment carbon analysis
In the laboratory, soil, including dead plant material, from the three replicate cores from each site were extruded and sectioned at 0- (Baldock et al., unpublished data). Based on the protocols of Baldock, Hawke, Sanderman, and Macdonald (2013) fied to contain inorganic carbon by the presence of a reflectance peak at 2,500 cm À1 and were labeled as calcareous. The calcareous soils were pretreated by addition of 1 ml of 1 M HCl to a known mass of dried and ground soil, shaken and centrifuged with the supernatant being retained for each sample. The HCl pretreatment was repeated until no further effervescence was detected. The soils were then washed three times with 50 ml of deionized water with centrifuging and collection of the supernatant between washes.
After the last wash the soils were frozen, freeze dried, and analyzed again on the LECO trumac CN analyzer. All supernatants (after 1 M HCl treatment and water washes) were accumulated for each sample and the amount of dissolved organic carbon present in the bulk supernatant was determined using a Thermalox DOC analyzer. The C org content of the calcareous soils was determined as the total carbon measured by the LECO on the freeze dried HCl pretreated soil plus the organic carbon present in the accumulated supernatants corrected back to the original mass of soil that was pretreated.
The C org content of all 286 samples were combined with their respective MIR spectra and a partial least squares regression (PLSR) analysis was used to develop an algorithm capable of predicting C org content from MIR spectra. A square root transformation was applied to the C org contents to correct for nonlinearity and an inhomogeneity of variance in the resultant model. A full cross validation process was used to validate the PLSR prediction algorithm derived for the square root of C org content. The statistics associated with the PLSR prediction algorithm are provided in Table S1 . The PLSR prediction algorithm was then applied to the MIR spectra derived for all 1,672 samples and the values derived for the square root of C org content were squared to provide values for C org content of the samples.
| Total C org stock and C org density
The depth of refusal at each site varied (some as shallow as 16 cm), but most cores reached at least 50 cm. For each core with more than three depth points (>30 cm depth) cubic splines were used to calculate the C org density (g C org cm
À3
, calculated by multiplying the sample dry bulk density (DBD) (g/cm 3 ), by the C org contents (%C org ))
at intermediate depth ranges that were not analyzed. Although cubic splines are commonly preferred for soil carbon analysis (e.g. Minasny, McBratney, Mendoca-Santos, Odeh, & Guyon, 2006) , linear splines are more appropriate for cores where there are only two or three data points per core. Thus, for cores that had C org density for ≤3 depths (where cores only reached 16 or 30 cm) linear splines were used. Using the spline approach, C org density was calculated for each 2 cm depth increment down the entire soil profile sampled. Splines
were not used to extend carbon density estimates beyond the depths sampled.
The value of Victoria's total carbon stock was calculated through the following equation:
where T represents the total carbon stored in Victorian wetlands to maximum 1 m depth, represents the mean wetland type carbon stocks within each region (Mg C org ha
À1
, 1 m depth), and a i represents the total area of each wetland type in each region. This study did not sample all wetlands types in all regions, so to calculate total stocks in these regions, the average carbon stock values of all regions were used as a proxy for in the equation stated above. Rate of Supply (CRS) models were applied to determine the sedimentation rates over the last 100 years (Appleby & Oldfield, 1978; Krishnaswami, Lal, Martin, & Meybeck, 1971 ).
| C org sequestration rates
To determine carbon sequestration (g C m À2 year À1 ), sediment vertical accretion rate (cm/year) was multiplied by the carbon stock (g C org cm
À3
) over the dated soil depth. The depths of dated samples were within the upper 20 cm, which represents an age range of over the last 76-116 years (Table S2 ). While this is currently the most common method for calculating carbon sequestration by wetlands (Chmura, Anisfeld, Cahoon, & Lynch, 2003; Macreadie et al., 2017; McCleod et al., 2011) , the carbon in these surface layers is still potentially vulnerable to microbial attack and decomposition, meaning this is a potential overestimate compared to long-term rate of carbon accumulation (Bao et al., 2011) .
In order to estimate sequestration rate at sites we did not select for 210 Pb age dating, we used sediment accretion rates (mm/year) from wetlands in Victoria and wetlands nearby (New South Wales and South Australia) in the published literature (Table S2 ). These previous studies mostly calculated sediment accretion rates in wetlands (with reviews of this by Gell et al. (2009) and Gell and Reid (2014) ).
These studies used various age dating methods, that included 210 Pb, 137 Cs, 14 C, and pollen. Here, core lengths ranged from 10 to 200 cm, with ages ranging between 40 and 200 years, representing recent rates of carbon accumulation or RERCA (Bao et al., 2011) .
We combined this sediment accretion data with data collected in this study on average DBD and percent carbon from the same wetland or from an average of the three closest wetlands of the same type to assign a value for sequestration for each wetland (Table S2 ).
| Statistical analysis
Carbon stocks present within the sampled soil profiles were trans- To test for differences between wetland types in carbon sequestration rate, we used an ANCOVA, with wetland type as a fixed factor and wetland size (ha) as a covariate. Tukey HSD was then used to determine differences among wetland types. Statistical analyses were performed with IBM SPSS Statistics version 24.0 for Windows (SPSS Inc.).
| Emissions from previous, current, and future ecosystem loss
Carbon emissions from wetland loss were calculated based on carbon stock estimates from this study in combination with estimates of resultant carbon emission due to disturbance and data on preEuropean (pre-1778s) distribution of wetlands (DELWP 2016 (2013) were used here to estimate the demineralization of C org from the surface to the depth that was sampled in this study, converted from C org to CO 2 eq. by multiplying by 3.67.
| RESULTS
| Carbon density, DBD, and percent carbon
The percentage C org values across all samples ranged from 0% to 56%, with an average of 7.7 AE 0.3%. The organic carbon density of all samples ranged from 0 to 260 mg C org cm
À3
, with a mean AE SEM of 31 AE 1 mg C org cm À3 . Percent organic carbon was generally highest at the surface (0-2 cm and 14-16 cm), with a 25%
decline by 28-30 cm and a 50% decline by 48-50 cm ( Figure S1a ).
However, there were a number of sites that did not follow this trend. The DBD of all samples ranged from 0.03 to 2.4 g/cm
3
, with an average of 1.00 AE 0.02 g/cm 3 ( Figure S1b ).
Using the carbon stock data collected in this study, carbon stocks associated with wetlands were calculated within each region and then added together to calculate total wetland carbon stock across Figure 2 ). Freshwater meadows also had lower carbon stocks (130 AE 100 Mg C org ha À1) when compared to deep freshwater marsh and alpine wetlands (Figure 2) .
Carbon stocks varied significantly between catchment regions, but these differences also depended on the wetland type. This suggests that the drivers of wetland carbon stock variability (or lack thereof) are different for each wetland type.
So the carbon stock information can more readily be taken up into conservation and management planning, we mapped the catchment region specific wetland carbon stock averages from Figure 3 , back onto the wetland maps that exist for Victoria (Figure 4 ). This provides a quick and easy way to digest the wetland type and spatial variability in the dataset across this broad region. Here, we can see While the average carbon stock for each wetland type across all samples is presented, total carbon stocks are calculated within each region and combined to estimate the total stocks. The wetlands are ordered from smallest to largest in estimated total carbon stocks.
that the regions of GH and Corangamite (CO) have wetlands with high carbon stocks. In particular, the contrast in carbon stocks between different between wetland types that are spatially clustered, is highlighted in these regions. The Gippsland Lakes in West Gippsland (WG) is also an interesting example, as here it suggests that wetland carbon stocks get lower the closer to the coast through this large freshwater lakes system.
| Carbon sequestration rates
The 210 Pb analyses of the cores collected in this study allowed estimating soil accretion rates of four wetlands, that ranged from 0.4 to 1.45 mm/year 1 (Table S2) (Table S2) . Overall, soil accretion rates ranged from 0.4 to 30 mm/year, with a mean AE SEM of 6.7 AE 1.3 mm/year. Carbon sequestration rates can be calculated by multiplying sediment accretion rate by the average carbon density over the depth sampled.
Using carbon density data from our carbon measurements, average carbon sequestration rates were 1.9 AE 0.4 Mg C org ha À1 year À1 or 6.9 AE 1.4 Mg CO 2 eq. ha À1 year À1 ( Figure 5 ). When the carbon sequestration rate data collected from this project is combined with data from the literature (Table S2) To demonstrate the capacity of these wetlands to store carbon and put this data in a global context, we can estimate the potential carbon sequestration of wetlands in Victoria. Using the average carbon sequestration value for freshwater wetlands (6.9 AE 1.4 Mg CO 2 eq. ha À1 year À1 ), along with the total area of freshwater wetlands in Victoria (458,500 ha), the estimated carbon sequestration of Victoria's freshwater wetlands is 3,200,000 AE 630,000 Mg CO 2 equivalents per year. This has a potential value of $AUD 38 AE 7.4 million per year (at $11.83 Mg CO 2 e, the weighted average carbon price from the last five Australian Emission Reduction Fund Auctions), and is equivalent to the annual CO 2 emissions of about 200,000 Australians. This estimate, however, does not include saline nontidal wetlands, as there was no data available on sediment accretion in these systems.
| Estimated emissions from wetland losses since European settlement
Based on our carbon stock measurements, wetland loss since the time of European settlement in Victoria (~1,834) has resulted in carbon emissions between 22.5 and 74.2 million Mg CO 2 equivalent (Table 2 ). More than 40% of carbon stocks in these lost ecosystems The value of the carbon stocks has been calculated here to help place the value of these wetlands into a broader context. In addition, while this could be an underestimate as not all sites could be sampled to the full 1 m depth, it does encompasses the highest organic carbon layer and therefore most of the organic carbon stock.
The Victorian wetlands sampled show a wide range of C org contents, from almost negligible amounts in some permanent open wetlands to more than 50% in alpine wetlands, resulting in carbon stocks ranging from 4 to 1,000 Mg C org ha
À1
. It is likely that the diversity of climatic regions (semi-arid, temperate, and alpine), which influences rainfall and temperature contributes to this substantial variation (Figures 3 and 4) . The differing contribution of autochthonous vs. allochthonous carbon inputs is also likely to vary spatially because of differences in surrounding land use and the degree of water regulation in the catchment. This highlights the importance of both broad and fine spatial-scale data in understanding differences in carbon stocks between wetland types and to assist in estimating regional wetland carbon stocks.
While wetlands overall did show regional variation in carbon stocks (4-1,000), there were also differences between some wetland types. Alpine wetlands, deep freshwater marshes, and shallow fresh- ) in alpine wetlands in Victoria, while boreal and arctic peatlands are known globally for storing substantial amounts of carbon (Kayranli, Scholz, Mustafa, & Hedmark, 2010; Yu, 2012) .
However, while alpine wetlands are the smallest in total wetland Estimates of wetland area loss come from DELWP 2016. While wetland area lost, and average carbon stocks for each wetland type are presented, CO 2 equivalent loss is calculated based off the regional carbon stocks for each wetland type. C org is converted to CO 2 by multiplying by 3.67. Wetland types are ordered from least to most area of wetland loss. area in Australia, they are one of the most vulnerable to loss due to climate change (Williams & Wahren, 2005; Xue et al., 2016) . Moreover, alpine wetlands are vulnerable to grazing and trampling disturbance by introduced herbivores such as horses and deer (Wahren, Williams, & Papst, 2001 ). The highest sediment accretion values were associated with wetlands located along major rivers (or closer to fluvial inputs) (Table S2 ). In south-eastern Australia, there has been a substantial increase in sediment accretion rate in floodplain billabongs since European settlement (Gell et al., 2009 ). This suggests that the high rates of sedimentation in these wetlands, and potentially carbon sequestration, has been anthropogenically increased due to clearing of terrestrial vegetation in the catchment and changes in river hydrology. Additional research investigating the allochthonous vs.
|
autochthonous carbon contributions to sequestration rates in these wetlands is required to understand this dynamic.
| Potential emissions from previous wetland loss
We estimate that degradation and loss of wetlands since European settlement in Victoria (from 1,834) has resulted in the emission of 22-74 million Mg CO 2 equivalents. Since there is no available data to construct a timeline of wetland loss between 1,834 and now, it is difficult to put this loss into perspective, but the loss over this 170 year period is comparable to the emissions of 1-4 million Australians or Americans (who release on average 16 Mg CO 2 e year À1 ) over 1 year. These emissions from wetland loss in Victoria, are similar to those estimated to have been lost from the loss of Mexican or Malaysian mangroves (~0.025 Pg CO 2 equivalents), which are some of the most carbon-rich soils in the world (Alongi, 2012; Murdiyarso et al., 2015) .
One way to guard against continuing carbon losses is by protecting wetlands that may be used for agricultural activities. The impact of agricultural practices in wetlands is stark. Degradation by agriculture, either through wetland drainage, or direct disturbance from grazing herbivores or cropping machinery, can promote soil moisture fluctuations, which then stimulates decomposition and re-release of already stored carbon (Sigua et al., 2009) . It is here that wetland rehabilitation works may help to increase wetlands' carbon sequestration capacity (Meyer et al., 2008; Ballantine & Schneider, 2009 ). In the study of rehabilitated wetlands in the Canadian prairie pothole region, Badiou, McDougal, Pennock, and Clark (2011) With guidance provided by IPCC (2014), the pathway forward for wetland inclusion into Greenhouse Gas Inventories is much clearer. The potential high emissions associated with wetland loss, highlights the need to ensure sufficient protection exists if ongoing carbon emissions from wetland degradation is to be reduced or avoided. In addition, a loss of wetlands will also reduce their future carbon sequestration potential. As a result, implementing appropriate management strategies that maintain current wetland carbon stocks and future sequestration potentials could offer mechanisms to mitigate greenhouse gas emissions when compared to current business as usual scenarios. However, appropriate and recognized methodologies for measurement will be required to allow the avoided emission and future sequestration to be assessed. If governments are to work towards reducing net carbon emissions, protection and rehabilitation of wetlands might be an important tool. However, their capacity to act as net carbon sinks will not be fully realized until emissions (namely methane and nitrous oxide) are quantified.
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